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The following interim report covers the research done under Contract
No. NASA Code 5C=N8G-20L-62 for the period November 1, 1963 tl.rough
April 30, 1964.

This work is a continuaticn of that performed under the same contract
nunber for the period November 1, 1961 through October 31, 19%¢2. In
*hat contract period a series cf non-linear, first order differential
squations was derived to attempt to mathematically describe the high
speed fiow of a condensing vapor. Reference 1 of this report descrites
in debail these equations as well as their solution on a digital cemputer.
The flow conditions used in the solution of the equations were hased upen
iata for steam condensing in long, small diameter tubes, obtained from a
series of teste (Fefs. 2 and 3 of this report) rerformed at the Uni-
verasity of Connecticut in the early 1950's. Faor several d4ifferent
antrance conditions anc heat transfer rates it was possible to obtain a
sstisfactory correlation of the condensing heat transfar coefficlents
with the flow parameters, It was not possible, however, to chtaln a
suitatle correjation of the twc-phase t'riction factor.

it was decided that the Jifficulty lay in the interpretation of
tome o7 the test cata, particularly the total pressure (vapor velocity)
measurcments. The first objective, therefurs, of the present resesarch is
to obtain a more accurste set of data; seconily, to further develoge the
analvtical treatment of the annuiar flow model.

This report covers the initial phase of this experimental work and
dezcrites the new test apparatus and changes in the anaiytical procedures.

OTK lu )

tharlan 3“ 7 "(:D“l"l

Professor ani 1‘3d of
rechanical Frnizineering Department
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Description of Test Apparatus

The test apparatus has been designed with a different ohlestive than thae
earlier enuipment which was intended nrimarily to measure heat transfer rates
in concensing flow. 1t is arrangsd prisarily 's dateraine pressare drep as 3
function of the heat transfer rate,

The test rig consists of a straight, concentric tube heat exchanger; the
inner tube, twenty feet long with a 1.055 inch inside diameter and 0.035 inch
wall; carrying the steam end the outer tube, ninetesn feet long with a 2,009
inch inside diameter and a 0.058 inch wall, forming the cooling water annulus.
Both tubes are commercial hard drawn copper. Figs. 1 and 2 show the overall
layout and a typlical cross eection of the test apparatus, By reversing the
cirestion of the gooling water flow, the test sectioan can be opersted in
either a parallel cr counter {low manner,

To obtain the cdesired measurements, the t.est section is instrumented in
the followlng manner:

i) Wall static pressure taps on the inner steam pipe formed by No. £C
drill holee connected to the cutside manometers through hypodermic
needle tubing.

ii) Copper-constantan thermocoupies to determine the temperzture cn the
outer wall of the inner tube.
i1i) Copper-~onstantan thermocouples in the cooling water anrulus,
iv) An :xislly traversing totsl pressure probs of the Dusscurd type.
{Re?. 4.)
Table 1 shows Lrne axial locatjon of these measurement points,
Ay, the fube entrance are locotad s ntatice pressure tap, and radiails

traveraing Lotal pressuse and total temperature probes.  From these
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Table 1

Measurement Points

F = Indicates provision to make static pressure measurement

20 ~ Indicates provision to make teaperature measuprement

Fosition Axial Foszition wall of Juter wall of annulus Water
Yamber ., frou Inlst Inner Tube Inner Tube Thermocouplea
1
2 i P TG
3 14 F TC TC
4 2 P TC
5 23 P TC TC
6 3 P TC
7 33 Ao
8 ‘. P ¢
9 h’é TC
10 5 p T4
11 3 C
12 6
12 3 TC
1L 7 p e
15 7% TC
16 8
7 84 \¢
18 9 P ™
19 9%
20 10 TC
21 103
2 b P T
23 124 T
24 12
25 10% TC
25 13 P PN
27 134 TC
28 1. P TC
23 1.3 TC
30 15 P e
31 153 P TC e
32 16 P TC
k¥ 164 P TC 1¢
L 17
3z 173 P 76 T
R 12
37 185 F QA s
a8 1u

At position maeber 1, provision is avie to neasure 1otal and statie
aressure snd o meanure e tiial temeorabuce of the flowlrs stean, oa‘tion
. is lovated 3 inctes from the “ajer 7 tae tubs



ALY

measurements, the fiow rate of the steam is computed and compared to that de-
termined by weighing the condensate,

The total pressure probe of item iv is shown in Fig. 3. Briefly, it
consists of a8 conventional total tube with the addition of static taps in
“he wall of the tube, These taps are located at distances from the tube
mouth of 0.1, 0.2, O.4, and 1.0 inches. When vapor with entrained liquid
enters the mouth of the tube the vapor is quickly brought to rest, but the
liquid, with its greater momentum, continues down thz tube, A standard total
pressure tube would read the combination of the liquid and vapor momentum
change, giving an erronecus total pressure for the vapor alone, With the
Dussourd-type probe, however, the static tap at 0.1 inch sees very nearly
the true vapor stagnation pressure while the tap at 1.0 inch will, by mani-
pulating the liquid interface in the total tube, see the combined pressure.
The taps at 0.2 iaches and O.4 inches will give intermediate pressures. By
rloetting these pressures versus their axial location on the probe, the true
vapor total pressure at the tube entrance can be obtained by extrapolation.
This total pressure will be used to determine the steam velocity.
Test Facility Capabilities

As presently constructed, the test apvaratus has the following maximum

capabilities:
a.) cooling water flow rate 18,000 lbm/hr
b.) regulated steam pressure 55 psia
c.) steam flow rate 1500 1bm/hr
d.) installed super heaters 25 K.w.

The experimental data can be obtained to within the following accuracies:

Steam flow rate + 2% Cooling water temperature + 1%
sater flow rate + 2% Static pressure + 2%
Tube wall temperature + LE Dynamic nressure + 2%
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Proeedure

Briefly. the test preocedure is as followe: The manometers and lines
filled with water and balanced; cooling water fiow nattern determined and
flow initiated; steam flow turned on and equilibrium flow rate established;
velocity probe inserted to most forward positlion and then withdrawn, read-
ings of total pressure made at prescribed axial positions; static pressure
readings made with probe in and probe out.

The data obtawnad from the test apparatus is used as input for a data
reduction program for the IBY 7040 computer. The information will be insertis:
in the form as recoried from the tests; i.e., pressures in psig and inzhes of
mercury, temperatures in °F and flow rates in lbm/nr. This input will then
he converted to consistent units and the data processed to prcduce as sutpuat
the static and dynamic pressures in psia, tube wall and cooling water
tewperatures in OF, vapcr and liquid velocities, the physical propertiss cf
saturate! steam and saturated liquid such as enthalpy, density and entropy
at cach measuring polnt, and the condensing heat transfer coefficient :a
Btu/nr ft2 “F, Tablms II and 1II illustrate the input and output forn..

Stean Table Computer Program

Appendix A of Ref., 1 describes a wethod of predicting stear properties
from entrance conditions and local properties. Howevar, this melhod coes not
give the dagree of acecuracy now desired so a methor making use of a ccuputor
sub-routine (fefs, 5 and 6) for the steam tabh.e properties wis davelojar
This sub-routine determines enthalpy, estropy and spea fle voluz2 3s & [inet o
2f preasure and terperature in the superheat reglon; .5 the saturated ssgioa,
Lhe varor anthaloy, entropy and specifi: volume are fouma 28 Tunctiore of

nrassare; the aaturated liguld enthalpy, entropy ana azecific wolwwe &ive gy

-
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as functions of tempersture and temperature and pressure are fcund as functione
of each other on the saturation line.

A second sub-routine has been developed that calculates the properties
of steam for a constant entropy process, using the steam table sub-routine.
ValiZ results are obtained in the wet, saturated, and sunerheated rogions,
Giver the properties at one point and the pressure at a second point, the
routine will calculate the remaining properties at both points assuming an
inentropic process,

Prejected “Werk

During the next period, the test work previously described will be con-
tinued, The data processing and the computer program for the soliutieon of the
fiow equations will be under continual revision. Using data from the existing
test saction, a methcd involving the use of successively smaller finite
difference ecuations will be used to calculate a local wall friction factor.

This computation is based on the momentum equation And requires an
accurate knewledge of the vapor velocity.

The problem of non-condensables in the steam is being investigated anc
some experimental apparatus obtained to gain quantitative inlomrmation of alr
entrainrent. This is a quite difficult problem and as of this date, no
quant 3t.ative data has been otbtained. Further work in this arsa is centem-

nlabed,

Additiznal Apparatus to be Constructed

“3dditicnal experimental apparatus will be constructed. It is expeeln
that an annular heat exchanger of the same radial dimenslons as the exiating te-
test saction but approximately two feet long will be built. This section

will ve instrumented with e=lectricsl resistance prohes to measure liquld
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Jayer thickness, velocity prebes to traverse the vapor flow {n the racdiajl
direction and ligquid layer velocity prﬁbeé. The ccoling water ‘acket will be
closely monitored so that accurate heat transafer rates can he determined.

The atove data will be user in 2 atteapt to levelops s successful correls.
tion of the local wall friction factor with the fiow parameters and liguid
layer thiclness for condensing steam,

Another test section will be constructed utilizing glass in part of ita
length, Flow visualization studies will be made of the sffect of probes
inserted in the siream us well as studies of flow patterns under various
pressure gradients,

“he results of the experimentation discussed above will be used Lo gain
a broader insight of the mechanisms of condensing flow. with this additional
knowledge, if need be, a better mathematical mciel can be developed and a
more reaningful solution, based upon physical principles, made of the equa-

tions.

Kesults

The greater part of the period covered in this report was spent n the
design, construction anc de-bugging of the test apparatus. A complete set
of test data has not yet been obtained although several runs utilizing the
velocity pressure probs have been made. These runs were made, hcewever, in
the interest of developing the test procedures rather tnan gathering cata,
Static pressure, tube wall and cooling water temperature data are availatle

and Figs. 4 and 5 show two typical sets of these data,
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